Abstract. We have theoretically investigated the subband structure of two coupled Si δ-doped GaAs at T = 0 K. For the uniform distribution we have studied the influence of the separation between the two doping layers. The electronic properties such as the effective potential, the density profile, the subband energies, the subband populations and Fermi energy have been calculated by solving Schrödinger and Poisson equations self-consistently. In this study, we have seen that the subband structure is quite sensitive to the separation between the two doping layers. We conclude that, if the coupling between two δ-doped GaAs layers is significant, the mobility of electrons in this structure is very high compared to single δ-doped structures because of the strong overlap between the electrons and the ionized donors in single δ-doped structures.
Introduction
The δ-doped semiconductor structures have recently attracted much attention because of its potential technological applications in electronic and photonic devices [1, 2] , and as a source of basic research [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Epitaxial-growth techniques such as molecular beam epitaxy (MBE) are currently used to prepare δ-doped semiconductor structures, employing narrow and sharp doping profiles to generate V-shaped potential profiles where the carriers are confined. Such narrow doping profiles can be described by the Dirac's δ function [14] is the 2D donor concentration. This profile neglects the random distribution of donors in the doped layer, which is valid in the high-density limit [15] . As a result of δ-doping, the electronic levels in the V-shaped potential well are quantized in two-dimensional subbands. This subband structure has been calculated by solving the Schrödinger and Poisson equations self-consistently.
The applications of δ-doping have received great interest as methods for obtaining high density and high mobility quasi two-dimensional electron gas (2DEG) systems when compared to those cases employing homogeneous doping [1, [16] [17] [18] .
The purpose behind doping of semiconductors is to controllably change the free carrier density in the semiconductor. This requires that the dopant is ionized. When the donor is ionized, a positively charged ion is present in the crystal. This fixed charged center causes scattering for the free electron and the ionized impurity scattering a e-mail: eozturk@cumhuriyet.edu.tr is an important scattering mechanism. The ionized impurity scattering is essentially eliminated by the physical separation between the mobile electrons and the fixed ionized scattering centers. An alternative way to improve the electron mobility in the δ-doped semiconductors, which has been proposed recently, is to make a structure with double δ-layers [19] [20] [21] [22] . It is expected that the coupling between the two layers leads to an increase of the average distance of the electrons from the doped layers. The impurity scattering is then reduced and the electron mobility is increased by two to five times over that of a single δ-doped case [19] .
In the present paper, we have calculated theoretically the electronic structure of a double Si δ-doped GaAs by solving Schrödinger and Poisson equations selfconsistently, at T = 0 K. We treated the enhancement of the mobility in the two coupled δ-doped structures by analysing the probability distribution of the subbands. By using this method we can obtain the behavior of the mobility qualitatively as a function of the separation between the two δ-layers. We have investigated for four different values (SW, DW50, DW100, DW200) the influence of the separation between the two doping layers for uniform distribution. While SW denotes one single δ-doped layer, DW denotes two coupled δ-doped layers with suffix numerals indicating the thickness of the spacer layer inÅ.
Theory
The electronic structure of a double n-type Si δ-doped GaAs layer has been investigated by using a self-consistent calculation in the effective-mass approximation. The δ-doped layers are assumed to be inserted into an infinite quantum well whose thickness is L 0 . We have calculated the confining potential, the charge density, the subband energies, the subband occupations and the Fermi energy level self-consistently by solving Schrödinger and Poisson equations.
where m * is the electron effective mass, z is the direction perpendicular to the δ-doped layer, V xc (z) is the exchange-correlation potential, is the GaAs dielectric constant and N d (z) is the total density of ionized dopants. The exchange-correlation interaction on the subband structure is only very weak [5, 24] . Hence we can confidently neglect this effect. Figure 1 shows the schematic illustration for a structure with two δ layers. The origin for z is taken at the center of the structure. The effective potential is given by
where L d is the thickness of the donor distribution, L b is the separation between the two doped layers, and L 0 is the infinite well width. The electron density is related to the wavefunctions by the relation
where n i is the temperature-dependent number of electrons per unit area in the ith subband given by
and at zero temperature
where n d is the number of filled states, i is subband index, k B is Boltzmann constant and E F represents Fermi energy. The calculation also yields self-consistently the position of the Fermi level E F , from the condition that the total number of electrons must equal the total number of donors, i.e.
. All donors are assumed to be ionized and are replaced by a uniform distribution. The uniform distribution is taken as
in other regions (6) where N 2D d is the 2D donor concentration. The self-consistent calculation of equations (1-6) gives the subband structure.
Results and discussion
For different separations between the two doping layers, we have studied the subband structure of the double Si δ-doped GaAs with L 0 = 600Å, at T = 0 K. We assume that the two doped layers are symmetric, i.e., they have the same thickness and doping concentration (see Fig. 1 ). In Figure 2 (a, b, c, d and e) for different separations between the two doping layers (L b = 0, 50, 100, 200Å, i.e., SW, DW50, DW100, DW200) we show the effective δ-potential profile (dashed curve), the subband energies with their squared wavefunctions (solid curves) 
12 cm −2 ) the effective δ-potential is deep, the charge carriers are more confined in the well center and the electronic density profile more localized around the δ-doped GaAs layer (see Fig. 2e ). The results for DW50 are shown in Figure 2b . For 50Å spacer width, a little barrier appears in the center, the density profile is localized wider in the spacer region than for SW, as seen in Figure 2e . When the spacer width is increased to 100Å, the electron wave function interaction between the delta layers becomes increasingly stronger, resulting in more carriers being localized in the central barrier of the double well structure. This result can be shown from Figure 2c . While the two δ-layers give rise to a single confining potential, the more carriers are located in the central barrier of the double well. The coupled δ-doped GaAs layers make the electron wave functions interact between the delta layers, and then result in more carriers distributing towards the center of the two δ-doped GaAs. Thus, we can say that, the structure (DW100) will give higher mobilities than both SW and DW50. This result is qualitatively in agreement with that of Koenraad et al. [20] . The electron wavefunctions in the higher levels spread out in a much wider region as compared with those of the lowest subbands, though in the excited states the population is lower than in the ground states. The carriers appearing in the spacer region will not suffer significant Coulombic scattering from the impurity centers. Therefore, the mobility will be dictated by the probability distributions of the excited states in the spacer region. The occupancy of the excited states in the coupled δ-doped layers will yield higher mobilities due to the fact that they lead to carrier transport which is spatially separated from ionized impurity scattering. When the δ layers are coupled, the confined subbands where the energy is below the central barrier (E 1 , E 2 ) will undergo a splitting because of the interaction between the two adjacent δ-doped layers. Figure 2d gives the calculation for DW200, showing the probability distributions of the electrons in different subbands and the confinement potential profile. It is seen that the lowest two levels are close to each other and their squared wavefunctions, which strongly overlap with the impurity layers, are very similar. In the case of E 1 = E 2 , the lowest two levels become degenerate. As the spacer thickness between the coupled δ layers increases, the mobility drops monotonically, approaching that of SW, because the carrier density in the spacer region get smaller. Also, we have seen that with increasing L b , the effective potential becomes shallow, the electronic density becomes very wide and gives low peak for each layer. The separation between the delta layers is large so that the electron wave functions do not couple strongly, leaving very few carriers located in the undoped spacer region. Figures 3a and 3b show the subband energies and the subband occupations as a function of the separation be- 
, and with increasing L b , this barrier height changes rapidly changed. As can be seen in Figure 3a , the structure shows only one peak for L b > 200Å. Actually, this single peak is the overlap of the two peaks of the ground and first excited subband levels and these subbands have become degenerate. When the doping layers are separated enough, Koenraad et al. [20] showed that the mobility in the ground and the first excited subband become equal. This is expected when the two levels become degenerate. The higher subband levels show a decreasing mobility when the doping layers are separated. As seen in Figure 3b , under the same conditions, the subband populations show similar behavior to the subband energies. Because the subband populations are linearly dependent on the subband energy, E i , at T = 0 K. From this study, we can say that the subband structure is quite sensitive to the separation between the two doping layers.
In conclusions, we treated the enhancement of the mobility in the two coupled δ-doped structures by analysing the probability distribution of the subbands. By using this method we can obtain the behavior of the mobility qualitatively. Our results qualitatively agree with other experimental results [20] . The mobility of electrons in single δ-doped structures is very low compared to two closely spaced coupled δ-doped GaAs structures because of the strong overlap between the electrons and the ionized donors in single δ-doped structures. The mobility enhancement in double δ-doped structures is due in part to the fact that more carriers distribute at the center of the two δ-doped GaAs wells. Because of such a carrier transport the ionized impurity centers are spatially separated from the conducting layer, resulting in a reduction in the Coulomb scattering of carriers and consequently enhances the electron mobilities. Therefore, the double δ-doped GaAs layers play an important role on achieving high mobility.
